Introduction
============

The complexity of the host-microbiota interface is increasingly being recognized to impact nearly every aspect of health and disease from the degradation of complex carbohydrates in the gut to provide energy to the host[@R1] to the modulation and induction of host behavior.[@R2]^,^[@R3] At present, the majority of efforts directed at the identification of the relevant mechanisms that underlie and regulate host-microbiota interactions involve cataloguing of the changes in the microbiota either prior to or subsequent to the development of a specific disease state. For example, the role of the microbiota in the causation and continued pathology of inflammatory bowel disease has generated numerous critical studies that have attempted to associate one specific family or species with the disease.[@R4] In large part, general agreement between published studies as to a specific disease-associated microbiota profile has not yet been fully achieved. Differences in methodology and the ever evolving complexity of the bioinformatics programs used to interrogate the enormous databases obtained from analysis of specimens, whether fecal or mucosally-associated microbial communities, may be one of many reasons.[@R5] Regardless of the reasons, we are undoubtedly at the very early stages of identifying relevant mechanisms that regulate host-microbiota interactions.

Additionally, the vast majority of investigations that investigate host-microbiota interrelationships do so from the vantage point of the microbiota influencing the host. While the host can certainly influence the composition of the microbiota as best exemplified from the ingestion of wide-spectrum antibiotics[@R6] or changes in diet,[@R1] in general most studies are concerned with how the specific composition of the microbiota influences the host and do not examine how the host can influence the microbiota (other than changes in dietary preferences). Further, while it is acknowledged that many studies do examine the host immune response to alterations in the microbiota, such as in the pathogenesis of inflammatory-mediated diseases in the gut,[@R4] these are more properly perceived as a host reaction to the consequences of altered diversity in the gut, which can result in, for example, increased bacterial invasion of the intestinal epithelium thereby invoking an immune response. As such, they are not as much a study of how the host may control the microbiota, but instead are a host reaction to changes in the gut microbiota due to as still unknown mechanisms (which may be due to alterations in the host immune system itself).

This focused examination will therefore center on a specific directed mechanism that is proposed to be central to the interaction of host and microbiota. It is based on the shared neuroendocrine signaling between bacteria and host. This intersection of microbiology with host neurophysiology is the field known as microbial endocrinology (for review see refs. [@R7], [@R8]). There is growing recognition that bacteria and yeasts, for example, contain many of the same neurochemicals that are present in the host. For example, production of γ-aminobutyric acid (GABA), the primary inhibitory neurotransmitter found in the mammalian brain[@R9] as well as exhibiting immunomodulatory properties,[@R10] is produced in large milligram quantity by a number of bacteria contained within the gastrointestinal tract.[@R11]^,^[@R12] For the purposes of this review, GABA will serve as a prototypical example of a neuroactive compound produced by microbiota as it has been most extensively investigated to date and for which both the molecular mechanisms governing its production and potential use as a therapeutic agent are well-understood. With that said, GABA represents only a very small part of the ever-increasing spectrum of neuroactive chemicals that have been isolated from the microbiota (for a review see [@R12]) For example, production of dopamine which is needed for proper neuronal functioning as well as being the substrate for the production of the stress hormone norepinephrine is made by *Escherichia* spp.[@R12]^,^[@R13] and produced within the gut.[@R14] Acetylcholine,[@R15] histamine,[@R16] serotonin,[@R17] and even more newly described neurotransmitters such as agmatine[@R18]^-^[@R20] have all been shown to be produced by microorganisms. Of prime importance in recognizing the ubiquitous nature of neurotransmitters, produced by members of the microbiota and its relationship to the host, is that the biochemical pathways used by the microbiota to produce these neurochemicals are exactly the same as found in the host tissues ([Fig. 1](#F1){ref-type="fig"}).[@R21] As such, it has been proposed that the development of these pathways first occurred in bacteria and by late horizontal gene transfer were acquired by the eukaryotic cell systems.[@R21] Recent results from the human microbiome project has shown that such bacterial-mammalian cell lateral gene transfer of bacterial DNA into the human somatic genome occurs via integration of a RNA intermediate and is more common than previously recognized.[@R22]

![**Figure 1.** The microbial endocrinology-based pathways by which neuroactive compounds produced by both the host and the microbiota can serve as a mechanism by which the brain and behavior can be modulated within the microbiota-gut-brain axis. Food ingested by the host contains both the substrates needed for neurochemical production by the host and the microbiota as well as fully functional neuroactive components (1). The microbiota in the gut is capable of either forming neurochemicals from the substrates present in the ingested food; or responding to the neuroactive food components themselves; or responding to neurochemicals secreted into the gut by components of the host enteric nervous system (2). Neurochemicals produced by the microbiota in the gut have two pathways by which to influence the host; they can either be taken up from the gut into the portal circulation (3) or they can directly interact with receptors found on components of the enteric nervous system which innervates the complete length of the gastrointestinal tract (2). Once in the portal circulation, microbiota-derived neurochemicals can influence components of the nervous system and ultimately the brain (4). Microbiota-derived neurochemicals can also influence components of the nervous system such as the brain through enteric nervous system-central nervous system communication (5). The result of either pathway (4) or (5) on the brain may result in an alteration of behavior or cognition (6) as well as food preferences and appetite (7).[@R23]^,^[@R71] As described in the text, this should not be viewed as a one-way direction of only gut-to-brain since the brain may influence the composition of the microbiota through the specific release of neurochemicals into the gut lumen (2).](gmic-5-381-g1){#F1}

As part of this focused examination, I will also examine and propose under what conditions the host neurophysiological system can influence the microbiota.[@R23] In this fashion, the concept of microbial endocrinology will be employed as a global mechanism which can permit and enable bi-directional communication between the host and the microbiota whose ultimate effect is the "health" of not only the host, but also the microbiota.[@R23] It is also important for the reader to note that this examination is not meant to be a comprehensive review of the literature. Instead it is the specific intent of this review to employ selected studies (often reviews in their respective fields to point the reader to wider databases of studies not cited in the present paper) spanning a number of decades to demonstrate the basis for considering microbial endocrinology as a bi-directional mechanism by which the microbiota and the host can influence one another. As such, the author readily acknowledges the contributions of others who are not cited in this review.

Microbiota and Neurohormones
============================

The recognition that microorganisms actively produce, as well as possess cognate receptors for, a wide range of neuroendocrine hormones has been reported for decades (for reviews see refs. [@R12], [@R24]). The range of hormones that are found in microorganisms is extremely diverse extending from somatostatin to acetylcholine to progesterone. Critically, microorganisms which inhabit the gastrointestinal tract are capable of producing neuroendocrine hormones that have cognate host receptors which can easily be found both intra- and extra-intestinally to which these neurohormones, in sufficient quantities, can effect neurophysiological changes in the host. For example, certain *Lactobacillus* and *Bifidobacterium* strains isolated from the human gastrointestinal tract can produce in vitro over 20 000 µg ml^−1^ of GABA in the presence of a suitable substrate.[@R11]

Until recently, the vast majority of reports dealing with microbes and neuroendocrine hormone production were confined mainly to in vitro studies. The ground-breaking study by Asano and colleagues[@R14] was the first to establish that the microbiota was capable of the in situ production of biologically active neuroendocrine hormones. In this study, luminal levels of catecholamines in the gastrointestinal tract were measured in specific pathogen-free, germ-free, and gnotobiotic mice. Asano et al. reported that the catecholamines, norepinephrine, and dopamine, were produced in appreciable physiological amounts in specific pathogen free mice.[@R14] However, in germ-free animals substantially lower amounts were detected in luminal contents. Critically, whereas the majority of catecholamines in pathogen-free animals were structurally determined to be free and biologically active, those found in germ-free animals were present in a biologically inactive, conjugated form. Inoculation of germ-free animals with the flora from specific pathogen free mice resulted in the production of free, biologically active, catecholamines within the gut lumen. As such, this report[@R14] clearly established that in vivo the microbiota is capable of producing neuroendocrine hormones that are commonly only associated with host production. That these substances also are intimately involved in host neurophysiology provides solid evidence that the fields of microbiology and neurophysiology do intersect with attendant consequences for both host and microbiota as further discussed below.

As written in the first comprehensive study of the intestinal luminal metabolome in mice, Matsumoto and colleagues[@R25] noted in their otherwise excellent and elegant study that "For clarifying the relationship between health and/or disease and intestinal bacterial metabolites, only free bacterial metabolites in the intestinal luminal content should be analyzed." This statement was directed at previous targeted metabolomics studies of the intestine in which intracellular material was also analyzed from sonicated fecal samples.[@R26] While the assertion that only free bacterial metabolites should be analyzed does on first consideration seem reasonable, a more careful consideration can conclude otherwise. First, the intracellular concentrations of neuroactive compounds within specific bacteria are largely unknown as most studies tend to concentrate on the amount released into in vitro culture. Experiments which have utilized sonicated bacteria such as *Lactobacillus* have revealed high concentrations of intracellular neurochemicals such as GABA.[@R27] As such, release of bacterial contents within a specific local environment within the gut may be taken up rapidly be neurochemical-responsive elements within the gut, such as enteric neurons or may be directly absorbed into the portal circulation via passive diffusion through the gut. Further, it is not unreasonable to assume that upon death the intracellular contents of the microorganism may be released into the surrounding area, especially if those microorganisms are located luminal epithelial chemosensors which can respond to and transmit information regarding bacterial metabolites such as neuroactive compounds.[@R28] Thus, any neurochemicals would not be present in the luminal fluid for subsequent metabolomic measurement. Second, at this still very early stage of understanding the role of neurochemical production and recognition by the microbiota, we don't whether or how such production is in fact used by the bacteria themselves as a form of intercellular communication. If this is the case as has been proposed[@R23], then released neuroendocrine hormones would be quickly taken up by other targeted bacteria and thus would not be available for measurement. Thus, it would seem that the best approach would be to analyze the sonicated cellular sample as well as the fluid itself to ascertain the capacity of the microbiota to produce neuroactive compounds.

Critical analyses of the scientific literature going back over nearly a century reveals numerous reports that suggested that the ability of microorganisms to both produce and respond to neuroendocrine hormones could have potent physiological consequences for the host.[@R8]^,^[@R12]^,^[@R24] A typical example were the reports of substantial GABA production by both normal colonic bacteria[@R29] as well as bacterial pathogens commonly associated with blood-borne sepsis in humans.[@R30] While the physiological significance of such a finding was initially postulated to be a factor in the altered consciousness that accompanies the development of hepatic encephalopathy, subsequent studies did not substantiate such a role. In the case of GABA, subsequent reports continued to appear to indicate that the ability of bacteria to produce it had often unexpected consequences for neurobiological research. For example, the finding of that a bacterially contaminated distilled water apparatus contained "GABA-receptor binding sites" called into question a number of findings with mammalian tissues such as brain homogenates.[@R31] The initial demonstration of a high affinity binding site for a neurotransmitter in a bacterium, namely GABA in a strain of *Pseudomonas fluorescens*, utilized the same radioligand binding techniques that were employed at the time for the study of such binding sites in brain membranes.[@R32]

It still remains a mystery as to why the scientific community at the time was unable to fully appreciate the clinical consequences for the host when members of the microbiota were capable of producing a neuroendocrine hormone within the gut lumen that could directly exert physiological effects by interactions with host receptors within the gut or following uptake into the circulation. Contrary to the impression that is often given by reviews that examine shared signaling systems in what has been termed interkingdom signaling, the realization that such shared signaling molecules existed between vertebrate host and microbe, especially neuroendocrine hormones, was perceived decades ago to be a prime determinant of health and disease. Most notable was a period in the 1980s that saw a flurry of reports reporting the existence of a number of neuroendocrine hormones in bacteria that had been previously only associated with vertebrates.[@R33] As evidence that these findings of shared molecules and their receptors did find wide dissemination in the scientific literature at the time was the publication of reviews in high impact journals such as the New England Journal of Medicine.[@R34] For whatever reasons, this intensive period of investigation in the 1980s was not followed in the immediate subsequent years by a similar effort and as such the observations of shared hormonal signaling pathways did not make sustained inroads into the question of health and disease within the scientific and medical community at large.

It was not until the first report of direct stimulation of bacterial growth of bacteria by neuroendocrine hormones in 1992[@R35]^,^[@R36] that reports began to appear that ascribed a specific role to the production and recognition of neuroendocrine hormones by bacteria that led to the creation of the field of microbial endocrinology.[@R37] At present, the majority of reports concerned with microbial endocrinology have concentrated on the role it plays in the pathogenesis of infectious disease. Insights from these studies, such as the ability of catecholamines to alter gene expression in a number of pathogens[@R38]^-^[@R41] as well as conjugative transfer between enteric bacteria,[@R42] will undoubtedly inform subsequent studies examining the role of the microbiota in its ability to its role in alteration of host behavior.[@R23]^,^[@R43]

Regardless, it is apparent from even a cursory overview of the past literature that we are just at the very beginning of understanding the ability of the microbiota to produce neurochemicals that may influence the host. Critically, consideration of microbial endocrinology as a mechanism to account for the ability of the microbiota to influence host behavior raises an evolutionary question that is not usually asked in discussions of the gut-microbiota-brain axis. Specifically, if the microbiota can influence the brain, can the reverse occur? Given that production of neuroendocrine hormones by the host is also prevalent in the gut then the answer would seem to be self-evident according to a microbial endocrinology-based approach since members of the microbiota not only produce the very same neurochemicals as the host but also possess the cognate receptors for them. Thus, a microbial organ within the gut exists in which bacteria communicate not only with the host, but also with each other through the production and recognition of neuroendocrine hormones which have a long shared evolutionary history. This concept of a microbial organ based on microbial endocrinology-based principles has already been proposed.[@R23] Animal studies which point to such host neurophysiological directed alterations of the microbiota are discussed below.

Neurochemicals in Microorganisms: To What End?
==============================================

Probably the most fascinating question that arises when one considers the plethora of neurochemicals found within microorganisms is the question of what purpose do they serve. It is perhaps somewhat surprising to learn that the presence of what are thought to be almost exclusively vertebrate neurotransmitters, neurohormones, and related receptors are in fact widely dispersed throughout nature. For example, in addition to its presence in vertebrates, neuroendocrine hormones such as the catecholamines have been additionally identified in plants as diverse as tomatoes and bananas,[@R44]^,^[@R45] insects,[@R46] and fish.[@R47]

As detailed above, the role of neurochemicals has been most extensively studied in the realm of infectious disease where its role has been shown to extend from food-borne infections[@R48]^-^[@R50] to bacterial-mediated lung disease[@R51] to indwelling medical devices where the administration of exogenous neuroendocrine hormones, such as the catecholamine pressors to maintain cardiac and kidney function, stimulate the development of bacterial biofilms on devices such as catheters.[@R52] While such observations support a role for microbial endocrinology interactions in the pathogenesis of infectious disease, it would be reasonable to argue that in the context of host homeostasis that the existence and capacity for such neuroendocrine-microbiota interactions serves a much larger, and evolutionarily relevant, function.

This widespread presence of neurohormones throughout nature suggests that microorganisms in general have had ample time preceding the evolution of man to come into contact with a wide spectrum of neurohormones and develop mechanisms by which to synthesize as well as recognize neurohormones.[@R53]^,^[@R54] While this ubiquitous distribution of neurohormones and receptors throughout nature is often little recognized in current medical thought,[@R34] their existence means that these prokaryotic systems are most likely evolutionary precursors to the more complex vertebrate systems such as the central nervous system. In fact, the presence of neurochemicals in mammals as cell-to-cell signaling compounds has been suggested to have resulted from lateral gene transfer from bacteria, especially when one considers that the same exact biochemical synthetic pathways are found in both bacteria and mammalian cells.[@R21]

Interface of Host Neurophysiology and Microbiota: Infectious Disease Consequences
=================================================================================

In proposing that neuroendocrine-microbiota interactions, otherwise known as microbial endocrinology, serve as a mechanism by which the host communicates with the microbiota in a bi-directional manner, it would be expected that a dramatic change in host neurophysiology would be detected by the microbiota that then would respond accordingly. A study that demonstrated this employed a neurotoxin to immediately impact nerves within the body causing a sudden release of the "fight-or-flight" stress-related hormone norepinephrine.[@R55] The neurotoxin 6-hydroxydopamine (6-OHDA) was employed to cause the sudden release of norepinephrine stores from sympathetic noradrenergic nerves that constitute part of the autonomic nervous system. A critical element of the experimental design was that the effect of 6-OHDA-induced changes in neurophysiological function on the composition of the microbiota could be examined over time since the damage caused to nerve terminals by 6-OHDA was fully reversible with complete healing of the nerves being achieved over 14 days. Within 24 hours following 6-OHDA administration, a dramatic shift in the composition of the microbiota occurred in which Gram-negative bacteria increased over 5 logs in total population.[@R56] This observation was supported by previous in vitro work by a number of groups, which had shown that Gram-negative bacteria were much more responsive to catecholamines such as norepinephrine than Gram-positive bacteria.[@R57] As the catecholaminergic nerves re-healed over a two-week period, the composition of the microbiota returned to the same distribution as present pre-6-OHDA administration[@R56] thereby demonstrating the ability of the microbiota to respond to neuroendocrine signaling from the host. Other in vivo studies, such as those by Vlisidou et al. demonstrated in bovine ligated ileal loops that the luminal concentration of the catecholamine norepinephrine could directly influence the ability of *Escherichia coli* O157:H7 to form attaching and effacing lesions in the intestinal mucosa.[@R58]

More recent studies that have employed sequence analysis of the microbiota have demonstrated that the composition of the microbiota is sensitive to stress conditions that are experienced by the host. Bailey et al.[@R59] demonstrated that mice subjected to restraint stress experienced a dramatic alteration in the microbiota characterized by a stressor-induced reduction in the relative abundance of bacteria in the family *Porphyromonadaceae*. Significantly, this alteration in the normal composition of the microbiota allowed for the emergence of pathogens establishing a productive infection.

Experimental Issues and Assumptions
===================================

Microbial endocrinology as a mechanism by the microbiota to affect host neurophysiological function and ultimately behavior, and in a similar fashion how the host may regulate the composition of the microbiota, a number of experimental issues, and assumptions, need to be addressed. There are three main areas that are of immediate, primary importance.

Can microbial-produced neuroendocrine hormones actually change host behavior?
-----------------------------------------------------------------------------

This is a question that at present can only be answered by inference from other related studies. For example, it is well recognized that *Lactobacillus* spp. are prodigious producers of GABA.[@R11] Recently, a functional food study employed the GABA-producing *Lactobacillus brevis* FPA 3709 strain as a means to enrich black soybean milk with GABA which was then fed to rats subjected to a forced swim behavioral test.[@R60] Forced swim tests, in which animals are placed in a water-containing glass cylinder and the duration of immobility before the animals begin to swim is measured, is a well-recognized test of depressive-like behavior. In this study, it was shown that GABA-enriched soybean milk significantly reduced the immobility time before rats began to swim and was as effective as the selective serotonin reuptake inhibitor fluoxetine as an antidepressant.[@R60] In another study, the ability of per oral fed *L. rhamnosus* to reduce anxiety- and depressive-like behavior in mice was shown to be mediated via central GABA receptor expression in the brain with specific levels of GABA~Aα2~ mRNA altered in those brain regions associated with the specific behavior.[@R61] Animals in which the vagus nerve (the longest of the cranial nerves that innervates the gut as well as other visceral organs) had been severed (vagotomized animals) did not show any behavioral or brain GABA mRNA-related changes. This demonstrated that communication between the gut and brain as mediated by the vagus nerves was one of the pathways by which probiotic bacteria could exert its behavioral effects in the host.[@R61]

Recently it has been proposed that, given their ability to produce high amounts of neuroendocrine hormones such as GABA and histamine, probiotics should functionally be viewed as neurochemical drug-like delivery vehicles.[@R27] Production of such bacterial-derived neuroactive compounds in the gut could be expected to not only influence host neurophysiological function both intra- and extra-intestinally as well as influence the pathogenic potential of other bacteria, but also affect host immune cell function. For example, GABA is the predominant inhibitory neurotransmitter in the nervous system, and exerts anti-inflammatory actions in the immune system as well. Because GABA can inhibit pro-inflammatory peptide release from viscerosensory neurons and inhibits activity of inflammatory immune cells, the production of GABA by gut probiotic bacteria could constitute a powerful mechanism for prophylaxis of gastrointestinal inflammatory conditions. It should be noted that GABA receptors have been localized on pro-inflammatory immune cells, which function to downregulate inflammatory responses such as cytokine release.[@R10] Thus, production of GABA by probiotic bacteria could reduce inflammation that is associated with the pathogenesis of gut-related disorders such as inflammatory bowel disease.

The ability of immune cells to modulate behavior represents a well-documented axis by which behavior may be modified.[@R62] As such, the modulation of immune activity by neuroendocrine hormones secreted by gut bacteria may represent an indirect pathway by which neuroendocrine hormone-secreting bacteria first influence immune cells that then in turn influence neuronal elements within the gut that communicate with the brain and drive behavior. However, as with all reports that have utilized per oral administered bacteria whether probiotic or not, no chemical measurements of the gut luminal fluid were performed following measurement of behavior to quantify whether any neuroactive compounds were being produced that could account for the observed changes in behavior as well as any changes measured in gene expression or mRNA formation in the brain. Further, more simple in vitro measures of the neurochemical synthesizing potential of exogenously administered bacteria were also not routinely performed in nearly all studies. The increasing use of metabolomics does afford the opportunity to perform such neuroactive screening of microbial products within the gut lumen such as the cecum and as well as from in vitro-based growth studies.[@R25] Directed metabolomics panels which target neurochemicals whose production by the intestinal microbiota within the gut would influence host cells, such as immune cells, has already been proposed and utilized.[@R27]

While the use of metabolomics to measure actual concentrations of neuroactive compounds present in the gut lumen at the time of behavioral observation will prove a crucial step in demonstrating microbial endocrinology as a mechanism mediating gut-microbiota-brain communication, it still does not yet completely prove cause and effect. As has been noted previously in a step-by-step methodological outline to evaluate the ability of neurochemical-producing probiotics to influence health and disease,[@R27] the use of non-neurochemical secreting mutants of the same bacterial strain will be needed to observe if the same behavioral outcome occurs in the absence of the neurochemical or not. Until such studies are performed that rigorously utilize such a cause-and-effect approach, the demonstration of microbial endocrinology as a viable mechanism governing gut-microbiota-brain communication will remain largely hypothetical.

What is the impact of diet on the production of neuroactive compounds by the microbiota?
----------------------------------------------------------------------------------------

Many of the bacteria which produce neuroendocrine hormones utilize the exact pathway that is observed in eukaryotic cells.[@R21] As such, as in eukaryotic cells the initial substrate for the synthesis of a neuroactive compound is a dietary component. If that dietary component is not present, then it should not be expected that the neuroactive compound in question will be produced. While on the face of it this seems to be self-evident, the composition of diets that are used vary greatly and no effort is currently made to control or even assay for such substrates. Since plants are capable of the production of a wide variety of neuroendocrine hormones,[@R63]^,^[@R64] it can safely be assumed that any foods that rely on plant-based material will also contain these neurochemicals which interestingly are not altered even when the food is baked at high temperatures.[@R65] The importance in characterizing as completely as possible the chemical makeup of the food can be seen in the study of Matsumoto et al.[@R25] which analyzed both the food metabolome and luminal metabolome at the same time. By comparing the two metabolomes, they demonstrated that many of the neuroactive compounds found in the gut luminal may not have a gut microbial origin but may be due to the food itself.[@R25] Thus, any interpretation of luminal metabolomic results cannot assume that any neuroactive compounds were necessarily produced by the gut microbiota but may in fact be of food origin.

That changes in diet can impact the composition of the microbiota is well recognized. Whether such diet-induced changes in the microbiota can also result in alteration of the gut-microbiota-brain axis that could lead to changes in behavior or cognition is less well understood. One study that has examined this possibility involved the use of a meat-based diet to alter the microbiota and at the same time examine learning and memory in mice.[@R66] Animals were fed diets consisting of either standard laboratory chow or chow supplemented with 50% lean ground beef. Diets were tightly controlled and matched for a number of food-related properties and substances that could potentially independently affect memory and learning. Over a 3 month feeding period, bacterial diversity as measured by 454 pyrosequencing was increased in meat-fed animals as compared with standard chow.[@R66] Measures of learning and memory performed at multiple times during the 3 month feeding period demonstrated that meat-fed mice displayed improved working and reference memory compared with normal chow fed animals that was a function of increased diversity of the microbiota. As such, the design of diets to include a wider spectrum of dietary components that may serve as neuroendocrine substrates may be needed if a fuller understanding of the potential for the gut microbiota to produce neurochemicals that impact the gut-microbiota-brain axis, and possibly higher brain functions such as memory and learning, is to be achieved. Further, in vitro assays which simply employ standard microbiological media that does not reflect the food components that comprise a particular diet and then attempt to assay for neuroendocrine hormone production will more than likely obtain an incorrect answer for the same reason.

Location, location, location
----------------------------

Current among the various methodological issues that accompany examination of a microbial endocrinology-based approach to understanding the gut-microbiota-brain axis is the question of the juxtaposition of host neuroanatomy with the microbiota. There is the assumption, similar to the one that seems to dominate studies of the microbiota, that single samples are reflective of the whole. These comments are not to suggest that microbiota researchers are unaware of this---only that it is not discussed at length, or at all, in many of the reports. For example, microbiota studies that report out the distribution of bacteria from a single fecal specimen often extrapolate such results to be reflective of the distribution of the microbiota as a whole within the gut. Given the existence of bacteria as biofilms adhered to the mucosal surface throughout the gut, or dispersed within the mucus layer, such an assumption that one fecal specimen would capture all of these ecological niches in an equal manner is questionable to say the least. Similarly, in the study of microbiota influencing components of the enteric nervous system, it is often assumed that innervation is somewhat similar throughout the length of the gut which neuroanatomists have recognized for decades but which microbiology-oriented researchers, including the present author, do not adequately address in their studies. Innervation along the gastrointestinal tract is extensive with both the central nervous system (CNS) (for example, through the extrinsic innervation by the vagus nerve) and the enteric nervous system (ENS) (with elements within the wall of the gastrointestinal tract and innervation extending into the crypts). Most importantly, anatomical sections of the gastrointestinal tract are differentially innervated by components of the CNS and ENS (it is beyond the scope of this review to discuss the neuroanatomy and the reader is pointed to a number of excellent reviews[@R67]^,^[@R68]).

As such, considering that both components of the microbiota and the host neuroanatomy are differentially located throughout the gastrointestinal tract, then the number and complexity of possible interactions grows exponentially. And most importantly is that the task of dissecting and identifying out the relevant mechanisms becomes that much harder. For example, could microbiota-induced neuronal activation within the brain resulting in a quantifiable behavior be traced to a bacterial species that inhabits a mucus layer immediately adjacent to a specific part of the gut from which sensory information obtained by ENS elements travels to the CNS via extrinsic primary afferent neurons that track along either vagal or spinal afferent routes? Can we distinguish that from bacteria that specifically inhabit the proximal gut instead of the distal gut and communication to the brain in that region occurs instead via the vagus nerve? If we are to reach definitive proof of microbial endocrinology as a mechanism by which the microbiota can influence the brain, and ultimately behavior, then it will be necessary to identify those bacteria which interface with elements of the CNS and ENS and the mediators that they produce that enable such communication. One way to approach this would be to work backward---in other words, by knowing the identity of the specific neuronal elements one would utilize a metabolomics-based assay to evaluate whether bacteria in adjoin gut sections are capable of producing those neurochemicals that would interact with the neuronal elements.

Of course, adding to the complexity is the fact that consideration of location also needs to consider direct uptake of microbially-produced neurochemicals into the systemic circulation in effect by-passing interaction with elements of the ENS and instead interacting with extra-intestinal elements in modulating behavior.

Concluding Thoughts: Speculation into the Unknown of the Gut-Microbiota-Brain Axis
==================================================================================

Much of the literature that approaches the gut-microbiota-brain axis is concerned with it as a "one-way street." While the overwhelming majority of investigators do, in fact, recognize that there is bi-directional communication there are few studies which examine if the brain can influence the microbiota. Reports which utilize stressors, such as that by Bailey et al.,[@R59] do suggest this is a possibility, but since stress is a host-wide physiological event, it is difficult (and dangerous) to make such a conclusion.

However, the question does remain to be asked especially given what we do know of the microbiota following certain periods in which its composition is radically altered. For example, one of the great mysteries in gastroenterology is how the microbiota reestablishes itself following administration of wide-spectrum antimicrobials. Antibiotic-associated diarrhea is a well-recognized consequence of antimicrobial administration, but following cessation of antimicrobial consumption the microbiota does in the majority of cases, with time, return to its pre-antimicrobial exposure state. Is this, in part, due to neuroendocrine hormone-based signals from the CNS to the ENS? For example, is the presence of serotonin in the gut lumen which is under the control of the host a microbial endocrinology-based means by which the brain can influence the prevalence of certain microbial species?

The long evolutionary symbiosis between host and the microbial inhabitants in the gastrointestinal tract, necessitate that the host's nervous system must have developed the means by which to not only monitor, but also influence the composition of the microbial organ. This recognition of such active monitoring by the host also implies that certain gastrointestinal-related clinical conditions involving microbes can be viewed anew. For example, the ability of the gastrointestinal tract to eventually repopulate itself following the development of antibiotic-associated diarrhea with essentially the same microbial diversity that was present before the initiation of antibiotic therapy remains one of the biggest mysteries in modern medicine.[@R69] Could the restoration of the indigenous microbial flora in antibiotic-associated diarrhea be driven in part by the host providing the neuroendocrine signals that favor the proliferation of certain microbial species that ultimately help restore the microbial diversity within the gastrointestinal tract back to what the host deems most beneficial? These interactions may be from the direct release of neuroendocrine hormones that certain bacteria, in a microbial endocrinology-driven fashion, can utilize to initiate proliferation and elaboration of quorum sensing molecules. Analogously, could the emergence of certain indigenous bacteria, notably *Clostridium difficile* that may occur as an untoward result of antibiotic therapy[@R70] be due to a failure of the host's nervous system to provide the proper signals to allow the indigenous flora to recover quickly enough to prevent such pathogen overgrowth?

The microbial organ itself possesses its own nervous system
-----------------------------------------------------------

The discovery that microbes can actively respond to catecholamines coupled with the extensive and varied microbial possession of a wide-ranging spectrum of neuroendocrine hormones raises the obvious paradigm-shifting question whether the development of microbial neuroendocrine production and recognition systems means that within the gastrointestinal tract the microbial organ itself may possess its own nervous system. Since the majority of the microbial flora within the gut exists as a biofilm, there is a need for intra- and inter-species communication. Further, given that a preponderance of what are usually considered to be exclusively mammalian neuroendocrine synthesis pathways also exist in many of the microbial species within the gastrointestinal tract, the question naturally arises that if such common synthesis pathways exist, then why couldn't the production of the same neurochemicals allow for intercellular communication between the members of the microbiota and hence function as a nervous system? The demonstration of such a microbial organ-specific nervous system would understandably have profound implications both on basic scientific as well as clinical thought since this would suggest that such a functioning "cognitive" system within the gastrointestinal tract must interface with the host to enable and perpetuate its own existence.
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